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We consider the circular hydraulic jump created by normal impingement of a cylindrical
liquid jet on a finite horizontal surface. For more than a century, the consensus was that
thin-film hydraulic jump that can be seen in kitchen sinks are created due to gravity.
Bhagat et al. (2018); Bhagat & Linden (2020) recently reported that these jumps are
created by surface tension and gravity does not play a significant role. Although Bhagat
et al. (2018) presented both experimental and theoretical results, they focussed on the
origin of the jump, and their results have been contested, e.g. (Duchesne et al. 2019). In
this paper, we present ten sets of experimental data reported in the literature for jumps
in the steady state, for a range of liquids with different physical parameters, flow rates
and experimental conditions. There is good agreement with Bhagat et al.’s theoretical
predictions. We also show that beyond a critical flow rate, Q∗C ∝ γ2/νρ2g, gravity plays a
significant role, but at lower flow rates surface tension is the dominating force, confirming
that that hydraulic jumps at the scale of the kitchen sink are caused by surface tension.
A theoretical analysis shows that for surface tension dominated jumps, the jump height
is given by
√
2γ/ρg, in good agreement with experimental data.
1. Introduction
The circular hydraulic jump, the abrupt increase in liquid depth at some distance
from the impact point of a jet onto a surface that is observed when a tap in turned
on in a kitchen sink, is an intriguing and practically important flow. Many cleaning
and decontamination methods employ jets to wash impurities from solid surfaces, and an
understanding of the flow near the point of jet impact is needed to optimise the removal of
unwanted material from the surface. The simplest case to consider is that of a cylindrical
liquid jet impacting normally onto a uniform planar surface. This configuration was
sketched in the 16th century by Leonardo da Vinci and has been the subject of systematic
research over the past two hundred years (Marusic & Broomhall 2020). Over that time
the consensus view has been that the major force responsible for the formation of the
circular hydraulic jump on the scale observed in a kitchen sink is gravity.
Recently, we (Bhagat et al. 2018) demonstrated experimentally, supported by theory,
that these jumps are caused by surface tension and gravity does not play a significant
role. We conducted experiments on scales typical of those found in a kitchen sink which
showed that in a thin liquid film, the circular jump produced by the normal impact of
a round jet on an infinite plane is independent of the orientation of the surface. This
independence of orientation with respect to the vertical demonstrated that gravity does
not play a significant role in the formation of these jumps – challenging the accepted view.
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In addition, the radius R of the jump predicted by our theory, in which surface tension
is the dominant force, and measured in our experiments showed excellent agreement.
The Bhagat et al. (2018) paper has not surprisingly been subject to scrutiny and
criticism. In particular, the energy-based analysis that was used to predict the jump
radius in that paper has been questioned. In response, we (Bhagat & Linden 2020)
provided a detailed analysis of the normal stress boundary condition and showed that
the location of the jump was correctly predicted by conservation of momentum. To
date, comparisons between theory and experiment have mostly been made with our own
experimental data and if our theory is correct it should be able to explain previously
published results obtained in other laboratories.
Consequently, the purpose of this paper is to test the validity of the Bhagat et al.
(2018); Bhagat & Linden (2020) theory by comparing its predictions with the experi-
mental results for steady state jumps presented in the literature by other independent
research groups. We briefly review the previous physical models and experimental results
in §2. Some studies have shown that gravity is important: in order to determine the
relative importance of gravity, we revisit the scaling relationship of (Bhagat & Linden
2020) which included both gravity and surface tension in §3, and identify a critical flow
rate above which gravity is important. In §3.2 we develop the theory to estimate the
height of the liquid film downstream of the hydraulic jump. Experimental results are
compared with theory in §4 and our conclusions given in §5.
2. Previous studies
As far as we are aware the circular hydraulic jump was first documented by Leonardo
da Vinci (Marusic & Broomhall 2020), the first experimental study on hydraulic jumps
was conducted by Bidone (1819) and the first theory was presented by Rayleigh (1914).
These early studies were concerned with jumps such as those observed in rivers where
gravity is the dominant force, although Rayleigh (1914) explicitly classified the kitchen
sink jump as an example for his theory. Research on hydraulic jumps in radially spreading
thin films began in the 1940s with models based on the thin-film boundary layer equations
including gravity (Kurihara 1946; Tani 1949). Watson (1964) presented the first theory
of axisymmetric thin-film radial flow that included viscous effects and gravity. In a series
of papers (Bohr et al. 1993, 1996, 1997) investigated the circular jump produced in a thin
film produced by the impact of a liquid jet and modelled the flow using the shallow water
equations. They compared experimental results obtained with water and with ethylene
glycol with their model and also derived a scaling relation for R based on the jet flow
rate Q, the kinematic viscosity ν and the acceleration of gravity g in the form
RG ≡ Q
5/8
ν3/8g1/8
, (2.1)
where the subscript ‘G’ emphasises that this scaling includes gravity and ignores surface
tension.
Although Bush & Aristoff (2003) added surface tension to Watson’s theory they
concluded its effect was small. Until recently the consensus has been that kitchen sink
scale thin film hydraulic jumps are caused by gravity and that surface tension plays
at most a minor role. However, as mentioned above, we in 2018 (Bhagat et al. 2018)
presented experimental results in which water jets impinged normally on to a horizontal
wall, a vertical wall, an inclined wall, and from beneath on to a transparent ceiling,
and reported that the radius of the jump was independent of the orientation of the
surface. These results showed unequivocally that gravity does not play a significant role
in the formation of these jumps. We also presented an energy-based analysis including
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both surface tension and gravity and concluded that the jump location is caused by the
surface tension of the liquid and gravity only plays a minor role. Our theory predicted
the jump radius accurately.
Despite this experimental evidence, our theory was criticised by Duchesne et al. (2019).
One criticism was that we applied a steady flow equation to an unsteady flow. Our
experiments showed that, on impingement of a cylindrical liquid jet normally onto a
flat plate at any orientation, the resulting thin liquid film spread radially outwards and
changed its film thickness abruptly, forming the circular jump, at a particular radius R.
For example, on normal impingement on to a ceiling nothing changes over time, except
that, at some location r > R, liquid falls away from the ceiling due to gravity. On
impingement of a vertically falling jet on to a horizontal surface, at larger radii r > R
the liquid continued to spread outwards as a thicker film but the jump remained steady,
approximately at the same radius, until the liquid film downstream of the jump reached
the outer boundary of the plate. At that point the jump location moved inwards slightly
(O(mm) for water), as a result of the change in the boundary condition at the edge of
the plate. Before the liquid film reaches the edge of the plate the jump location and the
flow upstream of the jump is steady, and this state persists until there is a change in
the downstream boundary condition. Our theory applies to this initial steady phase, and
does not consider the flow after liquid had begun to drain from the edge of the plate when
information from the edge propagated upstream against the subcritical flow downstream
of the initial jump.
The second criticism was that influence of surface tension is fully contained in the
Laplace pressure, and the surface energy contribution in our analysis is ‘wrong’ . However,
in Bhagat & Linden (2020) we have shown that the view that the influence of surface
tension is fully contained in the Laplace pressure is flawed. From an analysis of the normal
stress balance at the liquid surface we derived the correct interfacial boundary condition
that accounts for the spatial changes in the surface area of the film as the liquid spreads
radially. In particular, the increase in surface area as the film thickness decreases with
distance from the impact point of the jet is not contained in the Laplace pressure, and
has been neglected in previous theories that argue that surface tension is unimportant.
Fernandez-Feria et al. (2019) reported that our experimental results can be explained
using conventional gravity-based theory. They conducted numerical simulations of a
liquid jet flowing vertically downwards onto a horizontal plate and compared their
results with the experimental data from Button et al. (2010), which were obtained for
a jet directed upwards onto a ceiling. Similarly, Wang & Khayat (2019) conducted a
theoretical study and concluded gravity to be the dominant force in the formation of
thin film hydraulic jumps for high viscosity liquids. They compared their results with
Hansen et al. (1997)’s experimental results which were reported by Rojas et al. (2010) as
hydraulic jumps for silicone oils. We found that Hansen et al. (1997) did not use silicone
oils, but a mineral and lubricating oil, consequently the validity of Wang & Khayat (2019)
theory can not be assessed.
3. Bhagat et al.’s theory
3.1. Jump radius including surface tension and gravity
Our experiments showed that gravity is unimportant and dimensional analysis then
implies that the jump radius scales as
RST ≡ Q
3/4ρ1/4
ν1/4γ1/4
, (3.1)
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where ρ is the liquid density, γ is the surface tension, and the subscript ‘ST’ emphasises
that this scaling depends on surface tension alone (Bhagat & Linden 2020). Comparison
of (2.1) and (3.1) implies that there is a critical flowrate Qc ≡ γ2/νρ2g above which
gravity is important. We now use the results of our theoretical analysis to quantify these
scaling relations.
We extend Bhagat & Linden (2020) and quantify the scaling relation including both
gravity and surface tension. We write the radial velocity as u = usf(η), in terms of the
surface velocity us and the dimensionless film thickness η ≡ z/h (0 6 η 6 1). We assume
that radial flow is dominantly balanced by viscous drag, giving
us
r
= f ′(0)
ν
h2
. (3.2)
Volume flux conservation gives
C1usrh =
Q
2pi
, (3.3)
where C1 =
∫ 1
0
f(η)dη. Using the energy equation, including the effects of surface tension
and gravity, we showed that the hydraulic jumps occurs when the flow in the liquid
satisfies
1
We
+
1
Fr2
= 1, (3.4)
where We ≡ C2ρu2shγ is the Weber number, Fr ≡
√
2C2us√
gh
is the Froude number and
C2 =
∫ 1
0
f2(η)dη. Solving (3.2), (3.3) and (3.4) for the jump radius R yields
Q∗R∗8 + 2R∗4 − 2 = 0, (3.5)
where the scaled flow rateQ∗ = C2f
′(0)
2piC1
Q/Qc = Q/Q
∗
c , andR
∗ = R/RST
(
C2
f ′(0)(2piC1)3
)1/4
.
We have used the profile values from Watson’s similarity theory C1 = 0.6137, C2 = 0.4755
and f ′(0) = 1.402, which gives Q∗c = 5.78QC and R
∗ = R/(0.2705RST ). Solving (3.5)
gives the predicted radius of the jump incorporating the effects of both surface tension
and gravity as
R = 0.2705RST
[√
Q∗2 + 2Q∗ −Q∗
]1/4
≡ RSTζ. (3.6)
3.2. Jump height including surface tension and gravity
The jump marks the transition from a supercritical thin film to a subcritical thicker
film, accompanied by a large decrease in liquid velocity. The momentum balance at the
jump is
ρu2h− ρU2H = γ(H − h)
R
+
1
2
ρg(H2 − h2), (3.7)
where u and U are the depth averaged velocities upstream and downstream of the
jump, respectively, and H is the film thickness downstream of the jump. Equation (3.7)
indicates that gravity plays an important role downstream of the jump. From continuity,
at the jump
uh = UH. (3.8)
From (3.8), we can write, ρU¯2H = Cρu¯2h( hH ), where C =
u¯2
u¯2
U¯2
U¯2
. If we assume that the
shape factors of the velocity profiles across the jump are the same, implying C = 1, we
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find
ρu2h =
γH
R
+
1
2
ρgH2(1 +
h
H
). (3.9)
For a surface tension dominated hydraulic jump, We ≈ 1, which implies ρu¯2h ≈ γ.
Furthermore, for R H, and in the limit where hH → 0, (3.9) can be written as,
ρu¯2h ≈ γ ≈ 1
2
ρgH2. (3.10)
Solving (3.10) yields
H ≈
√
2γ
gρ
=
√
2lc, (3.11)
where lc = γ/gρ is the capillary length.
3.3. Experimental data
In this section we describe the experiments that are compared with our model,
focusing on data obtained previously by independent laboratories. We restrict attention
to data where the jets impacted on flat plates and the downstream thickness was not
manipulated by a weir or downstream obstacle. We also ignore the slight adjustment
(O(mm)for water) due to the change in boundary condition when the liquid film down-
stream of the jump reaches the edge of the plate and drains off.
Table 1 summarises the studies considered. Bohr et al. (1996) (BO1) measured the
liquid film thickness for ethylene glycol films. Mohajer & Li (2015) (M1, M2) used water
and surfactant solutions. The latter reduced the surface tension of water and increased
the jump radius significantly for a given flow rate. They also measured the liquid film
thickness downstream of the jump and reported that the film thickness is not affected
by the liquid surface tension. Bohr et al. (1993) (BO2) included experimental results for
water where they varied the distance between the nozzle and the plate. Brechet & Ne´da
(1999) (BN1) used water and varied the distance between the plate and the drain over
which the falling film from the edge of the plate fell. Stevens & Webb (1991) (SW1)
studied heat transfer by impinging liquid jets and also measured the location of the
hydraulic jump for different jet diameters. Choo & Kim (2016) (CK1) used water and
varied the jet diameter. Saberi et al. (2019) (S1) studied the hydraulic jump on flat as well
as curved surfaces. They used ethylene glycol as the working fluid for their experiments.
Duchesne et al. (2014) (D1, D2 and D3) studied hydraulic jumps for low surface tension
and high viscosity silicone oils, as well as high viscosity water-glycerine solutions (D4
and D5). Hansen et al. (1997) (H1, H2 and H3) studied the hydraulic jump for water and
lubricating oils – Statoil Voltway 7 and HV 46. The physical parameters of the fluids are
listed in Table 1.
4. Results
4.1. Influence of gravity on the jump radius
We begin by considering the influence of gravity on circular hydraulic jumps. In Table 1,
we provide the values of the critical flow rate Q∗C above which gravity becomes important
for the liquids considered. Since Q∗C ∝ γ2/νρg, lowering the surface tension and/or
increasing the viscosity reducesQ∗C . For water at room temperatureQ
∗
C = 3060 cm
3 s−1 ≡
183 L min−1, and for an aqeuous surfactant solution with surface tension roughly half
that of water, Q∗C = 807 cm
3 s−1 ≡ 48 L min−1, both of which are much larger than
normal kitchen sink flow rates and those in the laboratory experiments. However, for
silicone oils D1, D2 and D3 the Q∗C values are 13.3, 5.8, and 2.6 cm
3 s−1, respectively,
where as the actual flow rates 4.3-62.5, 6.7-40.6, 8.1-43 cm3 s−1, respectively, are mostly
higher than the Q∗C . To evaluate the influence of gravity, Figure 1(a) compares the
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Table 1: Physical parameters of the fluids used in experimental studies considered.
Label Liquid Reference ρ Q∗c γ ×10−3 ν ×10−6
(kg m−3) (cm3 s−1) (kg s−2) (m s−2)
BO1 Ethylene glycol solution Bohr et al. (1996) 1100 129.7 45 7.6
Rojas et al. (2010)
M1 Water Mohajer & Li (2015) 1000 3058 72 1.002
M2 Water + surfactant Mohajer & Li (2015) 1000 807.4 37 1.002
BO2 Water Bohr et al. (1993) 1000 3058 72 1.002
BN1 Water Brechet & Ne´da (1999) 1000 3058 72 1.002
SW1 Water Stevens & Webb (1991) 1000 3058 72 1.002
CK1 Water Choo & Kim (2016) 1000 3058 72 1.002
S1 Ethylene glycol Saberi et al. (2019) 1100 91.6 47.5 12
D1 Silicone oil - 1 Duchesne et al. (2014) 950-965 12.44 20 20.4± 0.6
D2 Silicone oil - 2 Duchesne et al. (2014) 950-965 5.8 20 44.9± 1.5
D3 Silicone oil - 3 Duchesne et al. (2014) 950-965 2.6 20 98.8± 3
D4 Water-glycerine - 1 Duchesne et al. (2014) 1190 97.8 65 18± 0.7
D5 Water-glycerine - 2 Duchesne et al. (2014) 1220 39.2 65 44± 1.5
H1 Water+surfactant/water Hansen et al. (1997) 1000 807.4 37 1.002
H2 Statoil Voltway 7 Hansen et al. (1997) 875 104 45 15
H3 HV 46 Hansen et al. (1997) unknown – unknown 95
Table 2: Measured, Hm, and predicted, H, heights of the subcritical liquid film at the
jump.
Liquid Reference Q Q∗C Hm ×10−3 H ×10−3
(cm3 s−1) (cm3 s−1) (m) (m)
Water Mohajer & Li (2015) 2.5-8.33 3058 3.83 3.92
Water + surfactant Mohajer & Li (2015) 1.66-3.33 807.4 2.75 2.75
Ethylene glycol solution Bohr et al. (1996, 1997) 27 129.7 2.86 2.76
Rojas et al. (2010)
Silicone oil - 1 Duchesne et al. (2014) 4.3 12.44 2.37 2.1
predicted hydraulic jump radius considering only surface tension, (3.1), and considering
both surface tension and gravity, (3.6). For water and the aqueous surfactant solution
the values are effectively identical, indicating that for these flow rates gravity does not
play a significant role. However, the experimental range employed in the experiments
with silicone oils (see Duchesne et al. (2014)), gravity does play a significant role, since
Q > Q∗C , and the effect of gravity is to reduce the jump radius compared with the value
predicted by surface tension alone.
4.2. Height of the film downstream of the hydraulic jump
Figure 1(b) compares the predicted jump height H predicted by (3.11) and radius
R given by (3.1) with the experimental measurements reported by Bohr et al. (1996)
(BO1). The theory and experiments show excellent agreement for both the jump radius
and the height of the film. The inset figure compares the predicted and measured values
of H for different flow rates of water and surfactant solution reported by (Mohajer & Li
2015) (M1, M2), and the theory and the experiments again show excellent agreement. In
table 2, we also compare the predicted and measured H values for silicone oil-1 at a low
flow rate (D1), and there is again good agreement.
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Figure 1: (a) Comparison of the theoretical predictions of the hydraulic jump radius:
surface tension only (3.1), solid lines, and surface tension plus gravity (3.11), symbols.
The cases include water, water surfactant solution, and silicone oils - 1, 2, and 3 (see Table
1). For the range of flow rates shown here, there is no appreciable difference between the
two predictions for water and surfactant solutions implying that gravity is unimportant as
expected since Q  Q∗c . On the other hand, for the more viscous silicone oils, Q < Q∗c ,
and the inclusion of gravity significantly reduces the predicted jump radius. (b) The
surface height as a function of radius across the jump reported by Bohr et al. (1996)
(BO1) for a jet of ethylene glycol solution falling vertically onto a horizontal plate with
no weir. Hydraulic jump radius (R) and liquid film thickness at jump H predicted by
(3.1) and (3.11) are shown by the black and blue dashed lines, respectively. The inset
image compare the predicted and measured height of the film, H, for water and surfactant
solution at different flow rates.
4.3. Hydraulic jump radius
Figure 2 compares the measurements of hydraulic jump radius reported by the studies
in Table 1. The Saberi et al. (2019); Duchesne et al. (2014); Hansen et al. (1997)
Experiments S1, D4, D5, and H2) all have Q values comparable or larger than Q∗C ,
while in all the other cases Q  Q∗C . In all cases the theoretical curve passes through
the data, except for some small mismatch at high jet flow rates, showing that the theory
including surface tension and gravity predicts the jump radius accurately.
Stevens & Webb (1991) studied heat transfer by impinging liquid jets. They also
conducted some ‘coarse’ measurements of the hydraulic jump radius. Figure 2(d) again
shows good agreement despite the larger uncertainty in these measurements. Choo &
Kim (2016) varied the jet diameter, d from 0.381 to 8 mm. Their experimental results
in figure 2(e) show little effect of d and are predicted reasonably well by (3.1), although
there is a slight over prediction at high Q in this case.
All the above cases featured Q Q∗C . Saberi et al. (2019) studied the hydraulic jump
generated by ethylene glycol on flat and curved surfaces, for which Q∗C = 91.6 cm
3 s−1.
They considered flow rates up to 86.3 cm3 s−1, so some influence of gravity is expected
at the higher flow rates. 2(f) compares their data with the prediction for R considering
surface tension as the dominating force ( 3.1) and the prediction considering both gravity
and surface tension (3.6). Both relationships match the data at low Q: at higher values
the new result, (3.6), gives excellent agreement with the experimental data.
Duchesne et al. (2014) studied hydraulic jumps produced by higher viscosity liquids.
Figure 2(g) compares their data for silicone oils with the prediction for R. For silicone
oil - 1, the theory gives an excellent prediction of the data; however, for silicone oil - 2
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Figure 2: Comparison of circular hydraulic jump radii with the theoretical predictions
from (Bhagat et al. 2018) for (a) Mohajer & Li (2015) water and surfactant solution
M1, M2, (b) Bohr et al. (1993) water, distance travelled by the jet varied BO2, (c)
Brechet & Ne´da (1999) water, distance travelled by the film falling off the plate varied
BN1, (d) Stevens & Webb (1991) and (e) Choo & Kim (2016) water, jet diameter d
varied SW1, CK1, (f) Saberi et al. (2019) d varied for ethylene glycol solution, S1, (g)
Duchesne et al. (2014) silicone oils, different viscosities D1-D3, (h) Duchesne et al. (2014)
water-glycerine, different viscosities D4, D5, (i) Hansen et al. (1997) water H1, compared
with other studies BN1, CK1, BO2, and M1, and (j) Hansen et al. (1997), H2, Statoil
Voltway-7 .
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and 3, for which Q Q∗C , the predictions are not so good. The plots for water-glycerine
solutions in Figure 2(h) show good agreement.
Hansen et al. (1997) reported R values for water, Statoil Voltway 7, and HV-46 (surface
tension and density unknown). Figure 2(i) compares their R values measured for water
with those of Brechet & Ne´da (1999); Choo & Kim (2016); Bohr et al. (1993); Mohajer
& Li (2015), and (3.1). For Q ' 15 cm3 s−1, their values are consistently higher than
others in the literature and the prediction. However, the experimental data give excellent
agreement with (3.1) for surfactant solution. In their paper they mention the use of ‘a
little soap’ but this can not be confirmed. Their experimental data for Statoil Voltway 7
are compared with (3.6) in Figure 2(j) and these show good agreement.
5. Conclusions
This paper provides further experimental evidence for the surface tension origin of
the circular hydraulic jump that has been presented by Bhagat et al. (2018); Bhagat &
Linden (2020). In Bhagat & Linden (2020) by applying conservation of momentum in
wall normal directions, we showed that the curvature becomes singular at a finite radius
when We = 1, and a scaling analysis on radial direction momentum also yielded the
jump when We = 1. In this study, we applied the radial momentum balance across the
jump that yielded the jump height, H ≈√2γ/ρg, which shows excellent agreement the
experiments reported in the literature.
Including gravity, Bhagat et al. (2018) found that formation of the hydraulic jump
occurred when 1/We + 1/Fr2 = 1. For kitchen sink jumps with water Fr2  1 and
the jump radius is determined by We = 1, i.e by the surface tension of the liquid alone.
We recognise that beyond a critical flow rate, Q∗C , gravity could play a role. For water
at room temperature, Q∗C = 3058 cm
3 s−1, which is much larger than typical kitchen
sink flow rates. For other liquids, such as silicone oils with low surface tension and high
viscosity, gravity can be important. Consequently, we derived a scaling relation, (3.6),
incorporating both surface tension and gravity .
Subsequently, we compared the theory with experimental measurements in the litera-
ture reporting circular hydraulic jump radii for water, aqueous surfactant solution, ethy-
lene glycol, ethylene glycol/water solution, three different silicone oils, water/glycerine
solutions and a lubricating oil. The experimental studies encompass wide variations
in fluid physical parameters (density, viscosity and surface tension) as well as nozzle
diameters, the distance between the nozzle and the plate, and the height of the falling
film. The agreement between theory and experiments is excellent. For fluids such as
water, surfactant solution and ethylene glycol, for which Q  Q∗c the hydraulic jump
radius is solely determined by surface tension, viscosity and the density of the liquid,
and is captured by (3.1). For high viscosity ethylene glycol solutions and silicone oil - 1,
at high flow rates, when Q ∼ Q∗c gravity starts to influence the jump, nevertheless the
jump is dominated by surface tension. For high viscosity and low surface tension silicone
oils 2 and 3, for which Q ' Q∗C , gravity and surface tension both play a role.
This work, in combination with Bhagat et al. (2018); Bhagat & Linden (2020) provides
a coherent account of the origin of hydraulic jumps. It also demonstrates the role,
relevance and influence of surface tension in interfacial flows.
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